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Summary

We present a new method to invert crosswell seis
data. The method useslow-wavenumber velocity

the Black Box
Lazaratos, TomoSeis Inc; T. Zhen, UC-Berkeley;

assume an acoustic wavefieyat the wide-angle nature

of crosswell data requires an elastipproach unless
miubstantial wavefield separation is performed in

advance. Additionally, most inversion algorithms do not

information fromdirect arrivals and high wavenumberincorporate borehole effects which include twbaves

velocity information from stacked, true amplitudg
crosswell reflection images. The technique is unl
conventional 'black-box’  full-waveform  crosswe
inversion techniques in that does not operate on th

» and dramatic amplitude and radiation patteffects
kéPeng, et al, 1994 and Rector and Lazaratos, 1994). The
Il published literature seldom attempts to quantitatively
e correlate the images with log or core properties.

raw, or minimally processed crosswell seismograms.

The inversion resultsie with sonic logsand do not
exhibit artifacts commonly associated with tomograph

Introduction

For manygeoscientists in the oil industry, thely grail

of seismic imaging is high resolution delineation

reservoir porosity, permeabilitgnd fluid distributions.
Crosswell seismic techniques have been usguaade

both high resolution (on the order of 2 m vertig
resolution) qualitative images througthe use of
reflections (e.g. Lazaratos, et al,1995) and rob
relatively low resolution estimates of formatiwalocity

throughthe use of traveltiméomography. Surprisingly,
there has beeanly one published attempt (Bashore,
al, 1994) to invert thémaged crosswell reflection dat
using conventional surface seismic inversion techniq
Crosswell reflection data is, in principahuch better

suited to recursive or sparse spike inversion technig
because theérequency content is much highéhan

surface seismic frequency contesmhd there is less nee
to recover out-of-band components. &ddition, the
crosswell direct arrival can be used to produce a

frequency component(i.e. the tomogram) for the
inverted image. With surface seismic data, the |
frequency component is typically incorporated throu
less-reliable stacking velocities. Moreovire crosswell

direct arrival can be extracted to yield a determinig
seismic wavelet Wavelet estimation is a critig
component in inversion and is ofteaorly-constrained
component of surface seismic inversion.

Instead of inverting themaged crosswell reflection dat
using a surface-seismic-like approach, most stug
aimed at producing a quantitative, high resolutioage
from crosswelldata have used what we term'bdack
box' approach. In a 'blackox' approachthe raw, or
minimally processed crosswell dage invertedusing
diffraction tomography(e. g.Dickens, 1994, Harris ang
Guan, 1996) or full waveform inversion algorithies g.
Zhou, etal, 1995).While these approaches have t
potential to produce high resolution quantitative imag
of the interwell region,many formulations do not
incorporate the complexities of the crosswell wavefie
For example,many diffraction tomography algorithms

In this paper we describe a simpl@veform inversion
y. method for crosswell reflectiosiata that isnore similar
to surface seismic impedance inversion tharblack-
box' inversion techniques previouslpublished. Our
technique uses direct arrival traveltimes to estimate the
low frequency velocityield and reflection amplitudes to
ofestimate the higfrequencyinterwell velocity field. The
data used to testur inversion approacbome from the
Mcelroy experiment (Harris, et al, 1995pver 35,000
altraces from a piezoelectric sourcend hydrophone
receivers were acquired between 2600 and 3150 ft at 2.5
stt source and receiver sampling intervals. @hé were
processed using wavefield separation angiP-CDP
mapping (Rector, eal, 1995, Lazaratos, etal, 1995)
etwithout amplitude compensation to producePavave
a reflection image (shown in Lazaratos, et al, 1995).
es.
Although the reflection data was not considered to be a
uérsle amplitude image, the interwell reflectimmage was
processed by Bashore, et al (1994) to produce a
d quantitative interwell impedance model. To produce the
impedance modethe P-wave reflection image was
owonverted into a balanced reflectivity section and
inverted for impedance usingsparse spike algorithm.
owhe impedance was integrated with a Idmequency
glimpedance model derived by interpolatinbe log-
derived impedance between the boreholes. The
titomogramwas not incorporated into the inversion due to
alartifacts. The lowfrequency impedance modehs used
over awide range of wavelengths (from DC to about 30
ft). The principal contribution of the reflectiamage to
the inversion was in theery short wavelength range
a (from 5 to 30ft). Consequentlythe final inversion
liggsults are heavily biased toward thelog-derived
components. Our work diffefsom Bashore et 1994)
in several ways. First, we use a true amplitcefkection
image for input into the inversion rather than the
balanced reflectivity used by Bashore, &t (1994).
Second, we use a recursive algorithather than a
sparse-spike algorithm. Third, we invert directly for
hevelocity rather than impedance. Finally, our inversion
jegesults arenot obtained with the use ahy log-derived
velocities.
Id.
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Inversion of Crosswell Reflection Data
The principal steps in the inversion were:

Reflection imaging using amplitude-compensat
wavefield separation to isolate primary reflectio
and reflection mapping using a modifigéP-CDP
transformation (Lazaratos, et al, 1995)

Image correctiorfapplied to theVSP-CDP mapped
and stacked data) for borehole amplitude effects

Recursive inversion of the amplitude-correct
reflection image to produce P-wave velocities &
incorporation of low wavenumber velocitig
through P-wave direct arrival times.

Wavefield separation was used to isolate and enhg
the primary reflections and attenuate cohere
interference such as tube waves, conversions, S
waves, diffractions, and multiples. In thi&udy, we
retained relative amplitudes byconfiguring the
wavefield separation filters sdhat the reflection
amplitudes were unaltered by the application of
wavefield separation filter. In practicéhis amplitude
preservation step consisted of equalizing the data
to the application of a particular wavefield separat
filter, savingthe equalization parameters in a databd
and then deapplying the equalizationfactors after
wavefield separation. The wavefield separation filtg
were also configured to hawmit gain within the spatial
and temporal passband. We mapped thevefield
separated reflection images into common reflection p
bins using the sameelocity field used in (Lazaratos, €
al, 1995).For eachcommonreflection point we stacked
reflection incidence angles between 20 and 60 degr
We did not use angleabove 60 degrees becaubkese
wide angles tend tmccur attraveltimes thathave
substantial amounts of coherent noise in fitven of
head waves, conversions, and guided waves. Figu
shows the unbalanced reflection image.

Amplitude Correction

At the Mcelroy site Rector and Lazaratos (199fund
that the quasi-statimodel for borehole coupling (Peng
1994) accurately predicted average P 8ndave direct
arrival amplitudes providedthat Zoeppritz-related
transmission effects were incorporated. The quasi-st
model usesthe source-takeoffand receiver-incidence
angle of the particularay alongwith the properties of
the formation adjacent tahe borehole, casing, an
borehole fluid to predicthe arrival amplitude. The
quasi-static model predicthat the amplitude obody

wave arrivalsradiated and received bfjuid-coupled

sources and receivers are frequency independent, bu

smic Inversion

vary dramatically as a function afhearwave velocity
and takeoff/reception angle.

To model the amplitude effects in ti&P-CDP mapped
edind stacked reflection image, we mapped and stacked a
nsscalar dataset produced gytracing reflection arrivals

and computing takeoffand incidence angles as a

function of arrival time and source and receiver depth.

Time-dependent scalar traces were produtech the

arrival times and takeoff/reception angles using the

quasi-static model (model parameters obtaifnech the

mapping velocity function) for borehole effects. In
ccpddition, spreading and transmission effects were
ndhcorporated. We then mapped and stacked the scalar
s traces exactlyike we mapped and stacked the real data

(excluding incidence angles below 20 degreesamude

60 degrees).
ance
snfrigure 2 showshe mapped and stacked scalaage.
hedee effects of couplingnd transmission create vertical

and lateral variations in the reflection amplitude of

nearly a factor of 3. Withouhese corrections, it is clear
that subtle reflection amplitudeffectsmay beobscured.

Jo correct for couplingand transmission losses, we

divided the reflectionmage in Figure 1 byhe scalar
rispage in Figure 2. The depth and tiverying result of
oihis scaling represents our besffort at generating a
sorehole-corrected true amplitude reflection image.

hrdnversion

A standard approach faroducing an impedance image
hifffom a 'true amplitude’ reflection seismogranttis use
t of a recursive algorithm or a sparse spike algorithm that
recovers impedancand, in the case of the sparse spike
eadgorithm, attempts to extend the bandwidth of the
reflection seismogram beyonthe bandwidth of the
recorded data usingraodel forthe reflectivity function
(sparse delta functions). While these algorithms differ in
etheir estimation ofout-of-band frequency components,
they both assuméhat the P-wave pressure reflection
coefficient, RC, isrelated to the impedanciinction
through the equation:
RC =p2V2-p1V1/(p2V2+p1V1). (1)
J

This equation i®nly valid for normal incidence. For the
higher incidence angles present in crosswell reflection
atitata (generally 40 to 60 degrees) theflection
coefficient becomes mudimpler if we assume that the
contrast in elastic moduli at the interface is small. The
d wide-angle P-wave reflection
coefficient can bewvritten as afunction of velocity and
incidence angle:

t can RCuide angle~ DV(tarf8-sir’8)/2V )
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Consequently,. impedance estimation r for near-norn
normal incidence angles becomesocity estimation at
wide angles providethat the mean reflectiomcidence
angle for each interface is constaithis criteria is
implicitly satisfied because to produce equation 2

contrast in elastic moduli is assumed to be weak.

To verify equation 2 we generated synthe
seismograms from the P-wave velocity model used in
VSP-CDP mapping ofthe reflections. To estimats
densities, we used Gardner's relations and a con
poissions ratio of 0.24 to generate S velocit®sithetic
seismograms were produced bgnvolving a 120 to

1000 Hz ricker wavelet with a spike reflection seri
produced using raytracing. Thanly amplitude effects
incorporated in the modeling were reflection
coefficients. transmission effects, geometric spread
were assumed to have been corrected for. We gene
constant incidence angle synthetic seismograms
normal incidence, 30 degrees, 45 degrees and
degrees. Figure 3 shows these synthetic constant-g
seismograms. As predicted by equation 3, wide-

angle seismograms appear to be scaled versions of
other.Theyalso appear to be quite similar to thermal

incidence seismogram, indicatirtgat density changes
do not substantially affedhe reflectivity function for
this model.

We used avery simple recursion formulation geroduce

smic Inversion

hatigorithms and diffractiotomographyalgorithms in that

it operates on the crosswell reflectionage rather than
on the raw data. Application of the inversion to real field
data show a good correspondence to log velocities
thevithout the artifacts generally seen in diffraction
tomography.
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